The rice field eel Monopterus albus is a hermaphroditic protogynous fish species that 18 undergoes sex reversal from female to male. However, the potential mechanisms 19 underlying the process of sex transformation are still unclear. We analyzed and 20 compared the gene sequence of M. albus dmrt1 5′ upstream region and its potential 21 transcription factor binding sites with other known species and examined the in vitro 22 34 Androgens are synthesized in large amounts during sex reversal, leading to the 35 promotion of dmrt1 transcription, and thus, gonadal somatic cells transdifferetiation. 36 Overall, androgen-dmrt1 positive feedback programs the M. albus sex reversal. 37 38 39 111 other one on the antisense strand (-903 bp ~ -917 bp) (Supplementary Table 2 ).
effects of testosterone (T) on the expression levels of dmrt1a and foxl2 in the ovotestis. 23 Moreover, we cloned and analyzed the expression of genes encoding enzymes, 24 11β-hydroxylase (11β-h) and 11β-hydroxysteroid dehydrogenase (11β-hsd), involved 25 in the production of 11-ketotestosterone (11-KT). The results showed that, compared 26 with other fish species, M. albus dmrt1 5′ upstream region contained unique androgen 27 response elements (AREs) with one on the sense strand and the other one on the 28 antisense strand, indicating a crucial role for androgens in the transcriptional 29 regulation of dmrt1. The expression of dmrt1a was induced but the expression of 30 foxl2 was inhibited by T manipulation in vitro, suggesting that blood androgen could 31 activate the transcription of dmrt1 in the ovotestis. Moreover, the expression levels of 32 11β-h and 11β-hsd2 were predominantly expressed in testis, much less in ovotestis, 33 and barely in ovary, suggesting the production of 11-KT during sex reversal.
Introduction 40 Androgens in teleosts are essential for inducing male phenotype and male 41 gametogenesis, and female-to-male sex reversal in some species. Both testosterone (T) 42 and 11-ketotestosterone (11-KT) are detected in males, the latter being the potent 43 androgen responsible for testicular development (1). The regulation of enzymes 44 involved in the biosynthesis of 11-KT are critical for teleostean reproduction. (7), Nile tilapia Oreochromis niloticus (8, 9) and catfish Clarias batrachus 50 (10). Similarly, 11β-hsd transcripts are present in the steroidogenic tissue of O. mykiss 51 and its transcriptional signals were observed in the Leydig cells of testes, in the thecal 52 cells of early vitellogenic ovarian follicles, and in the thecal and granulosa cells of 53 midvitellogenic and postovulatory follicles (2). Also, 11β-hsd2 is expressed in various 54 tissues of O. niloticus, with the highest expression level observed in the testis (3). 55 Many genes are known to be involved in gonadal differentiation in vertebrates. 56 Dmrt1, a gene that encodes a transcription factor with a DM-domain, is one of the 57 essential genes controlling testicular differentiation in mammals, birds, reptiles, 58 amphibians and fish (11) (12) (13) . In O. mykiss, for example, dmrt1 is expressed during 59 testicular differentiation but not during ovarian differentiation (14) . Dmy is enough for 60 male development in O. latipes and loss of dmy in XY medaka causes male-to-female 61 sex reversal (15) (16) (17) . O. latipes also has an autosomal copy of dmrt1 which is 62 expressed in testis later than dmy but is essential for testis development (18, 19) . 63 Dmrt1 is not only associated with testis development, but also, may be crucial for the 64 ovary differentiation in zebrafish (20); however, Webster et al. (21) reported that 65 dmrt1 is dispensable for ovary development but necessary for testis development by 66 regulating amh and foxl2. Wen et al. (22) observed that dmrt1 expression was 70 67 times higher in the testis of olive flounder Paralichthys olivaceus than in the ovary. 68 Also, in European sea bass, the expression of dmrt1 is increased in testis but 69 decreased in ovary (23). 70 The rice field eel Monopterus albus is a hermaphroditic fish species that 71 undergoes sexual reversal from a functional female to a male (24 80 We also investigated the transcription profiles of some genes involved in gonad 81 development and sex reversal in the M. albus (38, 39 core promoter plays pivotal role in the regulation of metazoan gene expression (42, 91 43). We assumed that a) the 5′ flanking region of M. albus dmrt1 contains unique 92 promoter motifs that regulates its transcription during sex reversal, b) there is no sex 93 determination gene in M. albus, which sex transformation is an evolution process, c) 94 and thus, the process of female-to-male sex reversal is controlled by endocrine 95 regulation and sex hormones play a vital role during this process. To test this 96 hypothesis, we analyzed and compared the gene sequence of M. albus dmrt1 5′ 97 upstream region and its potential transcription factor binding sites with other fish 98 species and examined the in vitro effects of T on the expression of dmrt1a and flox2 in 99 the ovotestis. Moreover, we cloned and examined the expression patterns of genes 100 encoding enzymes, 11β-h and 11β-hsd2, involved in the production of 11-KT in the 101 testis, ovotestis and ovary tissue, so as to reveal the molecular mechanism of sex 102 reversal in M. albus.
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Results
104
Nucleotide sequence of dmrt1 5' upstream region 105 The 5′ flanking region of M. albus dmrt1 was 1421 bp in size. In silico functional 106 analysis showed the transcription binding sites for AP-1, Oct-1, Zen-1, USF, C/EBPa, 107 GATAx, STATx, Foxd3, SRY, Dmrt3, Ftz, ERE, ARE and Sox family of transcription 108 factors ( Fig. 1) . Specifically, in comparison with other known fish species, the 109 sequence of M. albus dmrt1 5′ upstream region contained two unique androgen 110 response elements (AREs), with one on the sense strand (-638 bp ~ -648 bp) and the gonad. Growing tissue appeared after about 5-6 days and the cells were closely 115 arranged and gradually sparse around tissue. There were three types of cells including 116 spindle-shaped fibroblasts, elliptical nuclei; polygonal epithelioid cells; round 117 germinal stem cells, mononuclear or multicellular. The number of cells increased 118 dramatically forming a single layer within 5-6 days. The epithelioid cells and 119 germinal stem cells began to vacuolate and were gradually apoptosis with the 120 extension of culture time, and fibroblasts dominated after 11-12 days ( Fig. 2A-D ). 122 On day 6 and day 12, with increasing concentrations of T, the expression level 123 of foxl2 was significantly decreased (p < 0.05) ( Fig. 3A ) but the expression level of 124 dmrt1a was significantly increased (p < 0.05) ( Fig. 3B ). 126 The full length of 11β-h cDNA sequence was 1812 bp with an open reading 127 frame of 544 amino acids ( Supplementary Fig. 2 ). The amino acid sequence contained 128 without signal peptide cleavage site or transmembrane helix. Several conserved 129 functional motifs were observed including steroid binding site, oxygen-binding region, niloticus were clustered together ( Supplementary Fig. 4 ).
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Effects of T on the expression levels of dmrt1a and foxl2
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Molecular cloning of the full-length 11β-h cDNA
137
Expression of 11β-H mRNA during sex reversal 138
11β-h was highly expressed in the testis, which was significantly higher than that 139 in the ovary and ovotestis (p < 0.05). Moreover, the expression level of 11β-h in 140 ovotestis was higher than in the ovary (p < 0.05) ( Fig. 4) . Supplementary Fig. 7 ).
151
Expression of 11β-hsd2 mRNA during sex reversal 152 11β-hsd2 was highly expressed in the testis, which was significantly higher than 153 that in the ovary and ovotestis (p < 0.05). Moreover, the expression level of 11β-hsd2 154 in ovotestis was significantly higher than in the ovary (p < 0.05) ( Fig. 5 ). Overall, dmrt1 is essential to maintain vertebrate testis determination (51). Foxl2 is 189 required to prevent transdifferentiation of an adult ovary to a testis (52). We assumed 190 that the antagonism between dmrt1 and foxl2 might cause reprogramming gonad in M. 191 albus (53). 192 We further examined the expression of genes encoding key steroidogenic During female-to-male sex reversal, the expression level of foxl2 is sharply 216 decreased in M. albus (35) . Also, the aromatase transcripts are decreased when gonad 217 develops into the ovotestis and testis (29). As a result, synthesize of estrogen may 218 decrease during sex reversal. Androgen is the substrate for the production of female 219 hormone, the level of androgen may thus increase. In this study, T also showed a 220 higher inhibitory effect on foxl2 than positive impact on dmrt1a. In this regard, these 221 results are accord with the withdrawal hypothesis of estrogen proposed by Nagahama 222 (54). Moreover, serum T level in female M. albus reaches a peak two months after 223 spawning and is significantly higher than the estrogen level (55). Therefore, we 224 suggested that the high level of androgen is the main driving factor for sex reversal in 225 M. albus. However, the withdrawal of estrogen during sex reversal is passive, not 226 active, due to the inhibitory action of androgen-dmrt1a on the aromatase-foxl2. 227 In conclusion, the gene sequence of M. albus dmrt1 5′ upstream region contained 228 two unique AREs, indicating that AR was the specific transcription factor of dmrt1. 229 Also, the dmrt1a was positive regulated by T, suggesting that the blood androgen In vitro culture 261 The ovotestis ( Supplementary Fig. 1 ) was cut into 1 × 1 × 0.5 mm 3 small pieces, 262 washed three times with PBS × 1, and then transferred to 24-well culture plates. The On the other hand, androgens inhibit the expression of foxl2 and its function. 6  5  3   562   T  T  A  T  G  C  T  T  G  C  C  A  C  A  C  A  C  G  G  A  G  G  A  A  A  T  T  T  T  G  T  T  T  C  T  A  G  T  A  T  T  G  C  A  G  T  A  C  T  T  G  A  A  A  G  C  A  G  T   563   A  C  T  T  T  T T  T  A  C  T  G  T  G  C  T  A  C  T  T  T  T  A  G  T  T  A  A  G  T  A  A  A  G  A  T  T  C  G  G  T  G  C  T  T 
